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To understand Robertson's (1)  prediction for the possible electro- 
chemical  behavior  of  racemized  proteins,  it  will  be  necessary  to 
review briefly the subject of racemized proteins and Dakin's theory 
of the change which takes place in the course of racemization. 
Kossel and Weiss (3), working on the protamines,  observed that  solutions of 
these proteins in approximately 0:,5 N NaOH or Ba(OH)2, which were left standing 
at body temperature, decreased in optical activity until a constant minimum was 
reached.  They showed that this racemization is different from  ordinary amino 
acid racemization; solutions of amino acids, namely histidine and arginine, treated 
in the above manner show no changes in optical activity for periods of over several 
months. 
• Daldn'took up the study of this phenomenon, and in a paper with Dudley (4) 
showed  that  racemized casein and  caseose, when  fed  to  dogs,  are  totally un- 
digested and unabsorbed.  These workers further  found  that these racemic pro- 
teins  are not  attacked by  trypsin,  pepsin,  or  erepsin and  that  they  are very 
resistant  to bacterial  action.  Ten  Broeck  (5),  Schmidt  (2),  and  Kahn  and 
McNeil (6)  showed that racemic proteins are non-antigenic.  By racemization 
and  subsequent  hydrolysis of  the  proteins  and  determination of  the  optical 
activity of the various amino acids, Dakin (7) worked out a  method of differenti- 
ating between closely related proteins, e.g. albumins of hen and of duck eggs. 
To account for the changes in optical activity, Dakin (8) proposed the following 
theory,  to  which  he  was  led by  a  consideration  Of  the  racemization  of  the 
hydantoins.  He  had  found  that  the  hydantoins, which  have  the  formula 
* Aided by a  grant from the Research Board of the University of California. 
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NH -  CO -  NH 
I  I  , lose their optical activity in alkaline solutions.  Dakin ac- 
R  -  CH  CO 
counted for this by assuming that the hydantoins exist in the following equilibrium. 
NH--C0--NH  NH~CO--NH 
I  I  1  I 
 -ctt  co  -coR 
Since in going from right to left in this equation equal quantities of d and l forms 
would be formed,  the compound would become racemized.  As a  clinching argu- 
ment  in  favor  of  this  mechanism,  DaMn  showed  that  methylethylhydantoin 
C2H5/C__  --CO]  which has no labile hydrogen, does not undergo racem- 
ization.  As the peptide linkage in the protein is very closely related to the hydan- 
toin structure, Dakin (9) proposed that the racemization of proteins takes place in 
an analogous manner, namely according to the equation: 
NH  -  CO  -  NH  --  CO  - 
R  --  *CH  --  CO  --  NH  -  R  R  --  C  -C  (OH)  --  NH  -  R. 
In this way it is seen that  the asymmetric carbon marked * loses its asymmetry 
with  the formation  of the double bond.  That  the optical activity is not  com- 
pletely lost is explained by the terminal amino acids not being racemized, since 
their carboxyl groups are not bound in a peptide linkage. 
Robertson (1) pointed out that if Dakin's theory is correct it would be necessary 
that  racemic proteins dissociate in a  manner different from that proposed by his 
(Robertson's)  theory.  According to this theory the alkali salt of a  normal pro- 
tein would give the ions 
H 
+  -  +  +  ] 
--  COH  ~  N  -  +  Na  OH  --~  -  CONa  +  N  -- 
I 
OH 
while for a  racemic protein  it would be necessary to assume  that  its alkali salts 
would ionize to give the ions 
H-H 
+  -  +  N/ 
C(OH)  • NH  --  +  Na OH  --~  =  CONa  +  N  --  . 
l 
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In  the  first  case we have  doubly charged  ions produced  and  in 
the last singly charged ions.  This hypothesis  can be  tested in  the 
following way.  If  the  ions produced  by racemic casein carry  only 
half of the charge of the ions of normal casein, then (1) it should take 
only half of the quantity of electricity which is required  to deposit 
a  given quantity of casein  to  deposit an equal quantity of racemic 
casein.  In  other  words,  the  electrochemical  equivalent  of racemic 
casein should be twice that of ordinary casein.  And (2) since in the 
two forms everything should  be equal  but the  charge  on the  ions, 
the  electrical  conductivity  of  ordinary  casein  solutions  should  be 
double that  of similar racemic casein solutions.  This  offers a  good 
opportunity of checking Robertson's and Dakin's hypotheses against 
each  other.  If  the  results  obtained  agree  with what would be ex- 
pected  from  theoretical  considerations,  they  should  give  strong 
evidence in  favor of both  theories.  However, if the  findings  were 
negative we would be just where we were before, since  the  experi- 
ments would not  tell us which  of  the  two hypotheses is incorrect. 
We carried out experiments to test this idea, with the results shown 
in Tables I  and II. 
We  chose  casein  for  this  work  because  Robertson  had  worked 
mainly  with  this  protein.  Racemic  casein  was prepared  according 
to  Dakin's  directions  (4).  The  process was  followed with  the  aid 
of  the  polariscope  until  the  rotation  remained  constant.  In  a  2 
din.  tube,  using  white  light,  the  reading  of  a  10 per  cent  casein 
solution in half normal NaOH fell from  -  10.0  ° to  -  1.5 ° in 2 weeks. 
The solution was then neutralized to Congo red with acetic acid, and 
the racemic casein which precipitated was collected and  washed with 
distilled water.  It was then broken up  into  small particles, placed 
in tall glass bottles, and washed with  distilled water by decantation 
several times a day for several weeks.  It was then dried over H2SO4 
at 40°C.,  and  ground up into  a  powder. 
Table  I  gives  a  comparison  of  the  electrochemical  equivalents 
which  were  found in  solutions  of  casein  and  of  racemic  casein  in 
dilute  alkali.  The  details  of the  methods which were used  to  ob- 
tain  the values given in Tables I  and II were  described in previous 
papers  of  this  series.  In  the  columns  marked  Q,  the  amounts  of 
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passage  of  1 millifaraday of electricity through the solution.  Under 
K, are  given the products obtained by multiplying the values  Q  by 
B, the number of cc. of 0.1 N alkali used to dissolve 1  gin. of protein. 
This gives practically a  constant value.  For the present purpose it 
is to be observed that this constant value is practically the same for 
both casein and racemic casein.  This is not in accord with the pre- 
diction  to  be  made  from  the  Robertson  theory.  Similarly,  an  ex- 
TABLE I. 
Comparison of Elearochemical Equivalents of  Casein and Racemic Casein 
(Average Values). 
KOH 
Casein.  Racemic casein. 
B  Q  K  B 
per cent  per cent 
2.90  5.00  1.68  8.40  2.04  5.40 
2.57  6.42  1.37  8.80  2.40  6.47 
2.42  8.30  1.08  8.95  1.60  8.65 
Q  K 
1.66  8.95 
1.32  8.55 
0.98  8.50 
NaOH 
Casein.  Racemic casein. 
K 
per cent 
2.85 
252  I  7.oo  1.34  I  9.40 
1.7o  i  i   .o7  18. o  717 
per cent 
1.95  5.40 
1.96 
1.9017.65  I 
1",64 
1.16 
1.18 
8.85 
8.65 
9.04 
B  =  cc. 0.1 N alkali per gm. 
Q =  electrochemical equivalent per millifaraday. 
K  =  constant. 
amination of Table II shows a very close agreement in the conductiv- 
ity values for similar solutions of  casein  and  racemic  casein,  which 
again is not in accord with Robertson's idea. 
However, this  cannot be taken as a  very conclusive proof against 
Robertson's  theory  for  the  reason  already  stated,  that  negative 
results  do  not  tell  which  of  the  theories  (Robertson's  or  Dakin's) 
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Another  reason  for not  taking  the  results  of  the  electrochemical 
equivalent  and  conductivity  determinations  as  conclusive  evidence 
against Robertson's theory is that we do not know but that racemic 
casein has undergone some other chemical change besides racemiza- 
tion  which  would  affect  its  electrochemical  properties.  That  ex- 
tensive  chemical  changes  take  place  in  the  casein  solution  during 
the course of racemization is easily demonstrated by the fact that the 
TABLE  II. 
Comparison of Conductivities of Casein and Racemic Casein Solutions. 
Approximately 5 cc. 0.1 N NaOg per gin. (30*). 
Alkali coneentra-  Casein.  Racemic casein.  Casein.  Racemic casein. 
tlon in equivalents,  k  X  104  k  X  10'  a  A 
0~02 
0.010 
0.005 
0.0025 
0,00125 
10.55 
6.10 
3.35 
1.85 
1.05 
12.05 
6.70 
3.~ 
1.95 
1.07 
53.0 
61.0 
67.0 
73.0 
84.0 
60.1 
67.0 
72.0 
78.0 
85.2 
Casein $ cc, 0.1 ~r KOH per gin. (30°). 
Alkali coneentra-  Casein.  Racemic casein.  Casein.  Racemie casein. 
tion in equivalents,  k  X  109  k  X  104  A  It 
16.10  80.5  0.02 
0.015 
0.010 
0.005 
0.0025 
0.00125 
14.90 
12.5 
8.50 
4.50 
2.45 
1.35 
8.70 
4.80 
2.70 
1.40 
75.5 
83.5 
85.0 
90.0 
98.0 
108.0 
87.0 
96.0 
101.0 
112.0 
K  =  specific conductivity. 
racemic casein which was  obtained  constituted only about  one-fifth 
of the original casein in amount, and also by there being a considerable 
evolution of ammonia during the process. 
We endeavored to obtain some information as to whether racemic 
casein has undergone extensive changes by determining the nitrogen 
distribution according to  the  Van  Slyke  method.  A  determination 
of the total nitrogen per cent by the Kjeldahl method gave  13.5  per 
cent for one sample,  13.16 per cent for another sample, against 14.6 322  COMPOUNDS  OF  CASEIN  WITH  ALKALI.  IlI 
per cent for the original casein used.  This change in nitrogen content 
may be due to  either of two possibilities:  (1)  racemic casein is  a 
complex split  product  of the  casein,  or  (2)  the nitrogen is lost  by 
hydrolysis of part or all of the amide nitrogen.  It has been shown 
by Osborne and Nolan (10)  that the splitting off of this amide nitro- 
gen takes  place  very readily in  alkaline solutions.  The results  of 
the nitrogen distribution analysis  are given in Table III.  Compari- 
son is  made with the figures which have  been  published for casein 
by Van Slyke (11). 
TABLE  III. 
Van Slyke  Nitrogen Distribution  Analysi.s. 
Casein (! I).  Racemic casein I.  Racemic  casein II. 
Total N. 
Amide N ........................... 
Humin N .......................... 
Total basic N ....................... 
Arginine N .......................... 
Histidine N .......................... 
Lysine N ............................ 
Non-basic N ........................ 
Monoamino  N ..................... 
Non-amino N ........................ 
Total ................................ 
14.6 per 
cent. 
10.27 
1.28 
23.9 
7.4 
6.2 
10.3 
6,2.9 
55.8 
7.13 
98.5 
t 
1" "  I Corrected  3.5 per  [  to 14.6 
_  cent.  I  percent. 
4.75  t  4.4 
1.25  I 
22.5  20.4 
8.25  7.6 
2.25 
12.00  11,1 
68.11  63.0 
55.9  51.8 
12.2  11.3 
96.6 
I Corrected  13,16 per  I  to 14.6 
cent.  I per cent. 
-  t 
3.13  I  2.8 
1.18 
24,8  22.4 
8.57  7,75 
3.90 
12.05  10.08 
69.5  63.0 
60.5  54.5 
9.o  I  815 
98.65 
In  the  columns  marked  "Corrected  to  14.6  per  cent  total  N" 
there is given the composition on the basis of a  14.6 per cent total 
nitrogen  content,  for  the purpose  of a  better  comparison with  the 
Van  Slyke figure.  On  first  sight  it  appears  that  there is  a  con- 
siderab]e change in composition, especially for histidine, lysine, and 
the  non-amino  nitrogen.  The  amount  of  amide  nitrogen  is  also 
very much lower than in ordinary casein.  However: if we take the 
data  for  total  basic  nitrogen  and  for  total non-basic  nitrogen  we 
find  the agreement between casein  and  racemic casein  to  be quite 
close.  Also  arginine,  which  is  susceptible  to  the  most  accurate 
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ment with  Van Slyke's figures.  From  this  data  it  would be  very 
difficult to decide as to  whether there had  been any change in  the 
amino acid content on racemization. 
From the amide nitrogen figures, we can calculate how much of 
the difference in nitrogen content between casein and racemic casein 
is due to hydrolysis of amide groups.  Carrying out this calculation, 
we get 0.86 per cent for Sample I  as the loss due to loss in  amide 
nitrogen, which is 78 per cent of the difference in nitrogen content; 
and for Sample II we obtain 1.1 per cent, which is 76.5  per cent of 
1  ,  •  ~, IZ 
z 
~st, 
Titlat 
% 
/.o!  curv~5 
I 
/  /  //- 
~r 
/J 
! 
/ 
_J 
9  IO  II  I  I  s  ~-  [  b  7  8  pH 
Fxa. 1. Dotted lines indicate correction for water blank. 
the difference in nitrogen content.  Since the method of determining 
amide nitrogen gives good results the loss can hardly be put down as 
due to errors in the determination.  It seems quite evident that some 
other nitrogen group in the molecule is hydrolyzed beside the amide 
group.  As confirming evidence, we found the maximum combina- 
tion of alkali by racemlc casein to be more than that of unaltered 
casein by an amount corresponding to the difference in amide nitro- 
gen (cf.  Fig. 1).  The difference in amide nitrogen between ordinary 
casein and the sample of racemic casein (1)  is 0,86  per cent of the 
protein, i.e.  each gin.  of racemic casein (1)  contains 0.0086  gm.  of 324  COMPOUNDS  OF  CASEIN  WITH  ALKALI.  III 
ammonia  nitrogen  less  than  each  gin.  of ordinary  casein.  If  this 
results from the hydrolysis of the acid amide groups,  then  1 grn.  of 
racemic casein should be able to combine with 6.15 cc. of 0.1 N alkali 
more  than  is  required  for  1 gm.  of ordinary  casein.  Fig.  1 shows 
that  the  maximum  combining  capacity of a  gm.  of racemic  casein 
is 6 cc. of 0.1 ~r alkali greater than for normal casein. 
It was thought  that it would be of interest  to know how the iso- 
electric point  was  affected by changes  in protein  structure,  in  this 
case by the hydrolysis of amide groups,  so  the  isoelectric  point  of 
racemic  casein was determined  by Michaelis'  (12)  method of maxi- 
mum flocculation.  The isoelectric point for racemic  casein  (I)  was 
found  to be at pH  =  4.3,  4-  0.1.  To check our technique  we also 
determined  the isoelectric point of ordinary casein, which was found 
to  be at  pH  =  4.55,  which  agrees  sufficiently well with  the  value 
given by Michaelis, pH =  4.60.  This shifting of the isoelectric point 
to  a  more  acid  value  favors  the idea  that  the  NH3  formed during 
the racemization reaction comes mainly from the hydrolysis of amide 
groups  in  the  protein  molecule.  The  carboxyl  groups  freed  as  a 
result  of the hydrolysis, it would be expected,  should  cause  a  shift 
in  the isoelectric point  to a  more  acid value. 
Although  it cannot  be decided with certainty,  we are inclined  to 
the opinion  that racemic casein is not a  degradation  product.  If it 
were, we should expect that there would be an upsetting in the ratio 
of the  nitrogen  content  of  all  the  various  groups  over  that  of  un- 
altered  casein,  and  the  results  which  are  given  in  Table  III  show 
no  such  thing.  Moreover,  the  electrochemical  equivalents given 
in Table I  show that in similar solutions the mass associated with a 
given charge is very nearly the same for casein and for racemic casein, 
showing that  the molecule of racemic casein must be very nearly as 
large as that  of unaltered  casein. 
DISCUSSION. 
It has been pointed out by us elsewhere (13) t that  the combining 
power of gelatin for HCI is equal to the sum of the ~-amino group of 
1  The work of Cohn and  Berggren (Cohn, E.  J.,  and  Berggren, R.  E.  L., J. 
Gen. _Physiol., 1924-25, vii, 45)  is essentially in harmony with views previously 
expressed by us.  They were unaware of our publication. DAVID  M,  GREENBERG  AND  CARL  L.  A.  SCHMIDT  32S 
its lysine content plus the amino group contained in the guanidine 
group  of its  content of  arginine.  Good  agreement has  also  been 
obtained between the combining powers of casein, gelatin, and glia- 
din for alkali, and their respective contents of the dibasic acids, glu- 
tamic, aspartic,  hydroxyglutamic, and tyrosine, less  the amount of 
these  acids which  appear  to  be  combined  as  acid  amides.  While 
it is frankly admitted that our knowledge concerning the ability of 
the various amino acids especially proline, ~ in the protein molecule, 
to combine with acids and alkali is still incomplete, nevertheless our 
data indicate, at least from the qualitative standpoint,  that within 
limits  the  acid and  base-combining  power  of  a  protein  molecule 
lies in its particular  content of amino acids.  This  appears  to  fur- 
nish  additional  evidence  that  the  -COHN-  groups  are  not  re- 
sponsible for the ability of proteins to combine with acids and bases. 
SUMMARY. 
1.  The phenomenon of protein racemization is discussed and cer- 
tain deductions are made in connection with the hypothesis of Dakin 
to account for this phenomenon and Robertson's theory of the ioni- 
zation of proteins. 
2.  Experimental data are given to show that the electrochemical 
behavior of racemic casein is not in accord with the deductions which 
h ave been drawn from the theory advanced by Robertson. 
3.  An analysis of the nitrogen groups  of racemic casein is  given 
and compared with a similar analysis of normal casein.  From these 
analyses and from the electrochemical equivalent of racemic casein, 
it is concluded that except for the hydrolysis of amide groups, racemic 
casein is probably not a  degradation product  of  casein. 
4.  Considerable evidence is presented against  the view  that  the 
-COHN-  groups take part in the reactions of the protein molecule 
with acids and with bases. 
Experimental work to determine the dissociation constants of proline is under 
way. 326  COMPOUNDS OF  CASEIN WITH ALKALI.  HI 
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